Objectives: The aim of this study was to assess the potential dermal exposure to styrene in the fibreglass reinforced plastics industry.
INTRODUCTION
In the fibreglass reinforced plastics industry a styrene formulation mixed with glass fibre is used in the production of different kinds of goods. The styrene formulation consists of ∼25-50% styrene monomer, 50-75% unsaturated styrene resin and a few per cent of a hardener, usually methyl ethyl ketone peroxide. A mixture of the styrene formulation and glassfibre is sprayed onto an object or a mould. During spraying the aerosol formed may either impact on the surface being sprayed or may remain in the air compartment until deposition on other surfaces or onto the workers clothing or skin. Following spraying the object is hand-laminated to expel air pockets and to produce a relatively smooth surface to the product. During laminating the worker is exposed to styrene vapour emitted from the object and most likely splashes and droplets from the hand-held rolling tool. In addition, touching of objects, tools and other contaminated surfaces may cause deposition of a mixture of liquid styrene, styrene resin and glassfibre onto the clothing and protective gloves, respectively. Styrene permeating or penetrating the protective clothing or the gloves may then contaminate the inner clothing or the skin. Dermal absorption of styrene vapour or liquid styrene has been shown to be low or negligible among humans compared with inhalation exposure (Dutkiewicz and Tyras, 1968; Rihimäki and Pfäffli, 1978; Berode et al., 1985; Wieczorek, 1985) . The authors of these studies suggest that the risk of developing systemic effects following dermal exposure to styrene is relatively low compared with the risk following inhalation exposure. However, styrene can cause skin irritation on acute exposure (Wenker et al., 2001) . Allergic contact dermatitis to styrene, unsaturated styrene resin or the hardener methyl ethyl ketone peroxide has been reported among workers in the fibreglass reinforced plastics industry (Tarvainen et al., 1993; Minamoto et al., 2002a,b) . If exposure by inhalation is reduced by technical improvements, such as installation of local extractors or use of personal protective equipment such as respirators, dermal exposure may still be of concern and should thus be assessed.
Different methods have been used to assess dermal exposure to chemical hazards, such as skin washing and manual wiping , qualitative and quantitative fluorescence techniques (Cherrie et al., 2000) and use of surrogate skin techniques, i.e. patches or pads (Soutar et al., 2000) . Polypropylene pads have been used to monitor polycyclic aromatic hydrocarbons, layers of gauze to monitor cyclohexane-soluble particulate matter and 3,3′-dichlorobenzidine (Soutar et al., 2000) . Assessment of dermal exposure to a liquid such as styrene points to the use of a sampler onto which the substance is absorbed or adsorbed. In addition, the analyte should preferably be retained on the sampler during the assessment. Few studies regarding dermal exposure to volatile substances have been published. One reason may be difficulties in finding a suitable sampler. Cohen and Popendorf (1989) suggested that a sampler made of charcoal cloth could be appropriate for use in such applications, but did not perform any field studies to test the applicability of the sampler.
The aim of this study was to evaluate potential dermal exposure to styrene during rolling in the fibreglass reinforced plastics industry (DEO-unit 3, dispersion with a hand-held tool, Scenario 3.4 rolling) using a patch sampling technique.
MATERIALS AND METHODS

Work process
The assessment was conducted at two industrial settings producing rowing boats and small and medium sized motorboats for leisure activities. Styrene formulation and glassfibre was sprayed onto the object with a hand-held airless spray gun. The use rate during spraying was ∼0.6 kg formulation and glassfibre/min. This task was carried out within a ventilated spray zone with the worker standing in the vicinity of the opening of the area (Fig. 1) . Following spraying, which took ∼2-3 min, the individual used a hand-held roller with a short or an extended handle to smooth out the mixture of styrene formulation and glassfibre over the surface of the sprayed area (Fig. 2) . At one of the work places spraying was performed by one of four individuals. Following spraying he and his colleagues conducted rolling. They all participated in the sampling procedure. At the other company approximately 15 individuals were working within the production department. Six individuals performing spraying and rolling took part in the study. The procedure of spraying and rolling was repeated approximately two to five times depending on the product being produced. Rolling was carried out within the spray area at both of the participating companies. During sampling the workers wore a sampling overall (part no. 714500; Procurator, Malmö, Sweden). The overall was made of polyester and of the same kind normally used by the individuals as protective clothing during spraying and rolling. The overall used as protective clothing was kept hanging in the environment of the spray area when not in use and the individual switched to a new overall approximately once a week. Gloves made of leather were normally used during the spraying and laminating process and were changed approximately once a week. A few of the workers participating used a respirator with a charcoal filter during spraying, but most of them did not use a breathing apparatus.
Dermal sampling
Patches, 10 × 10 cm in size, were cut from a charcoal/cotton cloth. The cotton carrier material was printed with glue dots and covered with ∼180 ± 20 g/m 2 of activated charcoal (Blücher GmbH, Erkrath, Germany). The samplers were preheated in an oven at 80°C overnight prior to sampling to reduce the amount of impurities possibly interfering during analysis. The back of the patch was covered with aluminium and then fastened with staples at 12 different locations on the front of a monitoring overall. Exposure of the forehead was estimated by fastening a sampler to the front of a cap. On each of two cotton gloves, two patches were fastened representing the dorsal side and the palm of the hand, respectively. The workers used these cotton gloves instead of their protective gloves, as they were unwilling to wear the cotton gloves with samplers fastened underneath or covering the protective gloves. We were also interested to examine possible exposure under the clothing. The sampling overall was of the same kind as the one normally used as a protective overall. Placing samplers close to or on the skin would thus give a relatively good picture of possible contamination under normal working conditions. Following discussion with the workers we decided to measure exposure of one body area, the chest. To monitor exposure at this point a patch was fastened to a string with small clothes pegs. The worker wore the string around the neck with the patch under the clothing close to the chest. The sampling spots are indicated in Table 1 . The patches were fastened to the monitoring overall, the cap, the gloves and the string in the laboratory and transported to the premises in a box. The workers put on the overall, the gloves, the cap and the string a few minutes before the onset of sampling. If repeated sampling was carried out on the same day, the worker was dressed in a new overall, cap, gloves and string with patches already fastened. These items were kept in a closed box until use. The overall onto which the patches were fastened was used twice if not too contaminated from the previous sampling. If used again the overall was given an airing for at least 2 days before re-use. In order to evaluate whether any styrene vapour was released from the overall following airing, patches were fastened at some of the sampling spots (legs, arms and front chest) for ∼3 h and analysed for their content of styrene. Sampling was carried out during the work process, which comprised spraying and laminating for most of the individuals. Our intention was to estimate exposure during rolling only, but in reality this was not possible, as sampling could not be interrupted during spraying. The worker took the sampling equipment off directly after the task was completed. A few hours later he/she could perform spraying and laminating again and repeated sampling on that individual could be carried out. Sampling was performed on six different days at one of the factories and the four individuals participated on 3, 3, 12 and 12 occasions, respectively. At the other factory sampling was carried out on three different days and the six individuals participated on 1, 2, 2, 3, 3 and 4 occasions, respectively. This resulted in 45 measurements with a mean sampling time of 59 min (30-125 min). Exposure of the hands was determined on 30 of the 45 occasions with a mean sampling time of 40 min (30-125 min). Following sampling the exposed patch was transferred to a 30 ml glass bottle and the vial was sealed with a screw cap and transported to the laboratory. At the work place one or two patches were spiked with known amounts of styrene in carbon disulphide (CS 2 ) by means of a syringe (0.6-1.0 mg). One patch was used as a field blank for that special sampling day. The spiked patches and the blank samples were treated in the same way as the exposed patches.
Analysis of styrene
At the laboratory, 10 ml of CS 2 was added to the glass bottle with exposed patches, the field spiked or the field blank samplers already present. The patches were extracted by shaking for 30 min. An aliquot of the extracted sample was transferred to a vial and 1.0 µl was injected onto a gas chromatograph (Hewlett-Packard model 5890) by means of an automatic injector (Hewlett-Packard model 7630). The gas chromatograph was equipped with a Hewlett Packard Ultra 2 fused silica column (50 m × 0.2 mm i.d., phase layer 0.33 µm) connected to a FID detector. Nitrogen was used as a carrier gas. The temperature program was 100°C for 1 min, followed by a temperature rise of 10°C/min up to 200°C. The FID temperature was 270°C. The concentration of the analyte was determined by the external standard method and processed by Millennium ® software. The detector response was linear in the range 0.1-20.0 mg/ml styrene (r 2 = 0.992). If one sample showed a concentration of ≥20.0 mg/ml the sample was diluted to fit the calibration curve. The limit of quantification (LOQ) was determined at 10 S B , where S B is the standard deviation of the background noise of a blank sample. The LOQ from the 10 × 10 cm patch was estimated as 180 µg. The amount of styrene on patches fastened to a previously used and aired sampling overall was less than the LOQ. Field samples were solvent desorbed on the evening of the sampling day and analysed during the night and on the following day.
Test for recovery of styrene from the patch
Recovery of styrene from the patches was evaluated by a spiking experiment. A calibrated pipette was used to apply 0.909 or 909 mg onto six samplers. Following spiking the patch was put into a 30 ml glass vial and the vial was sealed with a screw cork. The patches were analysed following storage for 24 h at room temperature or 6 days at -20°C, respectively.
RESULTS
Recovery of styrene from the patch
The recoveries following storage of 0.909 or 909 mg at room temperature for 24 h were 100 (RSD = 27%) and 108% (RSD = 8%), respectively. Recovery following storage at -20°C for 6 days was estimated as 89 (RSD = 22%) and 110% (RSD = 14%), respectively.
Field spiked samplers showed the following recoveries: four samplers spiked with 0.6 mg, recovery 93%, RSD 0.7%; 10 samplers spiked with 0.8 mg, recovery 89%, RSD 9.0%; six samplers spiked with 1.0 mg, recovery 90%, RSD 4.6%.
Potential dermal exposure
Body parts and total body. The exposure to styrene of the individual patches showed substantial variability, with a GM of 9.20-30.8 mg/h (Table 2) . Styrene surface concentration (mg/h) was calculated by multiplying the exposure of styrene on the individual patch sampler by the corresponding body area (cm 2 ) as shown in Table 1 and dividing by the patch area of 100 cm 2 , giving a total exposure per body section. The total body exposure was estimated by summing the exposure on the 13 different body parts. The surface concentration was estimated to be 9.40-779 mg/h for the different body compartments ( Table 2 ). The leg compartment had the highest styrene exposure, accounting for ∼35.7% (1351 mg/h) of the potential exposure. The outer chest accounted for 20.6% (779 mg/h) and the arms accounted for 22.8% (864 mg/h). The outer back accounted for 8.4% (316 mg/h), head and face for 3.2% (121 mg/h), front of neck for 0.5% (20.5 mg/h) and back of neck for 0.25% (9.40 mg/h). The inner chest had an exposure (GM) of 302 mg/h (59.4-1091 mg/h). The potential whole body exposure was between 544 and 17 100 mg/h, with a GM of 3780 mg/h.
Hands. The amounts of styrene on the patches representing the palms and the dorsal sides of the left and right hands, respectively, were summed. The exposures (mg/h) (GM) of the patches on the left and right hands were calculated as 164 (37.0-660 mg/h) and 206 mg/h (22.5-1104 mg/h), respectively ( Table 2 ). The surface concentration (mg/h) was estimated by multiplying the patch exposure by the corresponding area of the left and right hands, respectively (420 cm 2 , Table 1 ) divided by the area of the two patches used on each hand (200 cm 2 ). The GMs of the potential exposures of the left and right hands were estimated to be 344 (78.7-1388 mg/h) and 433 mg/h (46.7-2325 mg/h), respectively. There was no statistical significantly difference in exposure on the left and right hands (P = 0.160, independent ttest).
DISCUSSION
The results from our investigation indicate that dermal exposure to styrene took place during rolling and spraying in the reinforced styrene plastics industry. Most of the exposure occurred on the worker's legs, arms and chest. Outer back, head and face and front and back of neck were the body areas which were least exposed. This is understandable as the individual often had to bend over, or almost into, the object during laminating, resulting in contact of legs and arms with contaminated surfaces of the object being treated (Fig. 2) . In addition, splashes and droplets emitted by the laminating tool probably deposited to a higher degree on the arms, legs and outer chest, respectively, compared with other areas of the body. During spraying the aerosol emitted most likely deposited to a relatively high degree on these body parts partly due to rebounding of aerosol from the object as the worker was standing relatively close to the manufactured goods (Fig. 1) .
The hands had a relatively high exposure. All of the participating workers were right-handed and there was no statistically significant difference in styrene exposure between the left and right hands. The individuals used a rolling tool with a short or an extended handle during the sampling period. When using a rolling tool with an extended handle, both hands were exposed to styrene present on the tool from previous or ongoing use. When laminating the object using a short-handled roller, the workers used the left as well as the right hand. During performance of this task the hands were frequently in contact with the object being laminated.
Interestingly, the inner chest had an exposure of ∼39% of the exposure of the outer chest (Table 2) .
Splashes, droplets and/or aerosol depositing on the overall, resulting in diffusion, permeation and/or penetration of styrene vapour and styrene in liquid form through the protective clothing, may account for exposure at a relatively high degree. In addition, styrene vapour could enter via openings at the neck, the wrists, the feet and through the zip at the front of the overall, respectively.
The amount of styrene on the individual body patches and the samplers on the cotton gloves has been used to calculate the potential body and hand exposures. The calculation assumes uniform exposure of the individual body parts and that the sampler has not become saturated. The amount of styrene recovered from the field patches was in the range 1.30-567 mg (data not shown). Our spiking experiment showed that the sampler had a relatively high sampling capacity, at least 909 mg styrene, indicating that the samplers did not become saturated during the assessment. There was great variability in exposure between individual body parts as well as between individuals, which at least to some part could be explained by the assumption of uniform exposure of the body area represented by one patch. The difference in potential body and hand exposures indicates that the watchfulness and/or the skill of the worker may play a role in the final results. Other variables such as area treated, volume sprayed and condition of the equipment may be other important determinants of exposure. The amount of styrene on the patches on the dorsal side and the palms of the left and right hand, respectively, have been summed. The exposure on the corresponding body part (mg/h) is also shown. In addition, the potential exposure on the whole body and the hands is given. n, number of samples; GM, geometric mean; GSD, geometric standard deviation; AM, arithmetic mean. The patch used in this work was made of activated charcoal sandwiched between two layers of cotton fabric. In addition to liquid styrene, styrene vapour is adsorbed causing a 'background' level of adsorption. The liquid fraction is likely more 'responsible' than the vapour for the observed dermal problems following exposure in this kind of industry. Background adsorption of vapour could thus mask liquid deposits and introduce uncertainty in estimating the retained liquid fraction. Development of a dermal sampler for volatile or semi-volatile substances, which can distinguish between vapour and liquid deposits, seems to be an interesting challenge.
We must also realize that activated charcoal has a much higher adsorptive surface than human skin. The amount of styrene adsorbed onto the patch is most certainly several times higher than the amount which could be adsorbed onto a similar area of human skin. Nevertheless, the findings demonstrate that there exists a potential exposure to styrene and that the dermal layer of the worker will probably be exposed to styrene during the work process studied. Changing the protective clothing and protective gloves on a regular basis, avoiding or minimizing contact with contaminated surfaces, reducing the exposure to aerosol during spraying and cleaning of equipment regularly are some steps to be taken to reduce the risk of dermal exposure.
